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Chapter 1 Introduction
In this chapter, the materials employed in the present study, i.e., TiN, TiB2, hBN and cBN, are introduced. 
Due to the excellent mechanical properties and stability at high temperatures, these materials are promising for 
structural and tribological applications. However, the consolidation of monolithic phase is difficult because of 
high melting point and low self diffusion coefficient. The composition ratio of their composites and sintering 
condition are necessary to investigate in order to enhance sinterability and achieve the strengthening composites.
Chapter 2 Preliminary investigation
In this chapter, the literature survey of materials properties, fabrication processes as well as TiN-TiB2 binary 
system and Ti-N-B ternary system are expatiated. The spark plasma sintering and characterization were also 
described. Chupov et al was firstly revealed the psudo-eutectic binary system of TiNx-TiB2 in which the eutectic 
point was found at 46TiN0.96-64TiB2 (in vol%) at 2873 K. The ternary system of Ti-B-N was established that there 
are no ternary compounds in this system. The solubility of B in TiNx was indicated but no solid solution in TiB2
and BN phases was observed. The major phases are TiN, TiB2 and BN which can coexist up to 1773 K. To
consolidate these composites, the higher sintering temperature between 1973 and 2573 K was required, and the 
sintering by SPS has never been reported.
Chapter 3 SPS of monolithic TiN, TiB2 and hBN
This chapter depicted the sintering behavior of monolithic TiN, TiB2 and hBN by SPS. The displacement of 
TiN and TiB2 gradually decreased between 973 and 1373 K and then rapidly decreased from 1373 to 2373 K. 
Above 2373 K, the displacement of TiN remained constant, while that of TiB2 was rapidly increased because of 
reaction with graphite then partially melted. Due to high electrical conductivity, TiB2 showed irregular grain shape 
implying high activation of grain boundary diffusion under SPS. The monolithic TiN, TiB2 and hBN were difficult 
to fully-densify even by SPS.
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Fig. 1. Phase relation in TiN-hBN system 
with the range of hBN content of 10–90 
vol% at 1973–2473 K.
Fig. 2. Lattice parameters of (a) TiN and 
(b) TiB2 in the TiN–TiB2 composite.
Fig. 3. SEM images of TiN–70 vol%TiB2
composites sintered at 2573 K
Chapter 4 SPS of binary system hBN composites
(TiN-hBN and TiB2-hBN)
In this chapter, the effects of temperature and composition 
on sintering behavior and phase transformation of TiN-hBN and 
TiB2-hBN were investigated. The hBN-TiN composites could be
stable coexisted up to 2073 K, and the TiB2 formation reaction 
completed at 2473 K (Fig.1), which were higher than those
reported in the literatures suggesting that rapid process of SPS
could retarded the reaction. There was no reaction occurred in 
TiB2-hBN composites for all temperatures and compositions.
The maximum relative density obtained from TiN-10 vol%hBN
was 96% at 2273 K and TiB2-10 vol%hBN was 98% at 2473 K.
The composites containing hBN content higher than 10 vol%
were difficult to consolidated.
Chapter 5 SPS of binary TiN-TiB2 composite
In this chapter, TiN–TiB2 composites were prepared by SPS 
at 1773–2573 K. The sintering behavior of TiN-70 vol%TiB2
corresponding to eutectic composition showed the highest 
shrinkage. Above 2373 K, the TiN–TiB2 composites exhibited 
relative densities higher than 95%. At 2573 K, TiN-TiB2
composites containing 20-30 vol%TiB2 had highest density of 
99.7%. 
The change of lattice constant was observed in TiN–TiB2
composites as shown in Fig. 2. The TiN lattice parameter 
increased from 0.4243 to 0.4252 nm with increasing TiB2 content 
because of the formation of a solid solution in the TiN unit cell, 
caused by the diffusion of B atoms from TiB2 while the depletion 
of B resulted in the decrease of the c-axis length of TiB2 from 
0.3230 to 0.3227 nm. The a-axis length of TiB2 in TiN–TiB2 was 
constant (0.3030 nm) for all compositions.
The microstructure of TiN–70 vol%TiB2 (Fig. 3) showed the 
complex texture containing smaller TiN grains which might be 
associated with the earlier stage of eutectic nature of TiN–TiB2
system where the structure starts to form lamella pattern. The hBN 
formation was found in TiN-TiB2 composites containing 50-60
vol%TiB2 and resulted in a slight decrease in density.
The TiN–80 vol% TiB2 composite sintered at 2473 K had 
the highest hardness 26.3 GPa and optimum fracture toughness of
3.8 MPa m1/2. The TiN–80 vol% TiB2 composite was also showed
high electrical and thermal conductivity of 8.1?106 S m-1 and 
64.5 W m-1 K-1, respectively.
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Chapter 6 SPS of ternary TiN-TiB2-hBNcomposite
In this chapter, TiN–TiB2–hBN composites were prepared by SPS at 1973–2473 K. At 2473 K, the Ti-B-N
ternary phase diagram showed the change of major ternary region TiN–TiB2–hBN to TiN–TiB2–N2 and 
TiB2–hBN–N2 because of the decomposition reaction (Fig.3). At 1973 K, the shrinkage of TiN–TiB2–hBN 
composites containing 5 and 10 vol%hBN exhibited higher than that of without hBN (0 vol%hBN). The relative 
densities of TiN–TiB2–hBN containing 0–30 vol% hBN were 96.1–97.0%. The Vickers hardness of 
TiN-TiB2-hBN composite are constant at 23.0 GPa between 0 and 10 vol% hBN and then decreased to 8.4 GPa 
with increasing hBN to 30 vol% hBN, while composite containing 15 vol% hBN showed the highest fracture 
toughness of 3.7 MPa m1/2 (Fig.4). TiN–TiB2–hBN composite with 10 and 15 vol% hBN showed high thermal 
conductivity about 65 W m-1 K-1 at 973 K, similar to that of TiN–TiB2 composites.
Chapter 7 SPS of ternary TiN-TiB2-cBNcomposite
In this chapter, TiN–TiB2–cBN composites were prepared by 
SPS at 1873 K using SiO2-coted cBN. The TiN-TiB2-cBN 
composites using un-coated cBN showed the cBN to hBN phase 
transformation 1773–1973 K, while the composites using
SiO2-coated cBN showed the phase transformation occurred at 
1973 K implying that SiO2 coating was effectively retarded the 
phase transformation of cBN. With 10-80 vol%SiO2/cBN the 
relative density were 96.2-83.2% higher those of composites using 
un-coated cBN (Fig.5).
The Vickers hardness of TiN-TiB2-cBN composite using
SiO2/cBN remained high value between 21.0 and 16.2 GPa even at 
high content of cBN (Fig.6). The increasing of SiO2/cBN from 10 
to 50 vol% resulted in increasing fracture toughness from 3.4 to 5.1 
MPa m1/2. The thermal conductivity of TiN-TiB2-cBN containing
10 vol%SiO2/cBN increased from 60.2 to 69.4 W m-1 K-1 at
293–973 K.
The SiO2-coated on cBN is effectively promoted the 
densification of TiN-TiB2-cBN composites, retarded the phase 
transformation of cBN to hBN and resulted in improving of 
mechanical properties.
     
Fig. 3. Ti–B–N ternary phase diagram at 2473 K. Fig. 4. Effect of hBN content on Vickers hardness and 
fracture toughness of TiN–TiB2–hBN composites.
Fig. 5. Effects of cBN content on the 
relative density of TiN-TiB2-cBN.
                      
Fig. 6. Effects of cBN content on the 
relative density of TiN-TiB2-cBN.
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Chapter 8 Summary
High density TiN–TiB2 composites was prepared by SPS at 1973–2573 K. The TiN–TiB2 composites 
containing 70 vol% TiB2 exhibited the highest shrinkage and showed complex microstructure because of eutectic 
nature. The TiN lattice parameter increased with increasing TiB2 content because of the formation of a solid 
solution in the TiN unit cell, caused by the diffusion of B atoms from TiB2 while the depletion of B resulted in the 
decrease of the c-axis length of TiB2. The TiN–80 vol% TiB2 composite sintered at 2473 K had the highest 
hardness 26.3 GPa and optimum fracture toughness of 3.8 MPa m1/2. The TiN–80 vol% TiB2 composite was also 
showed high electrical and thermal conductivity of 8.1?106 S m-1 and 64.5 W m-1 K-1, respectively.
The coexistence of ternary TiN–TiB2–hBN composite was stable up to 1973 K. At 2473 K, the 
decomposition reaction in TiN-TiB2-hBN ternary system was completed, and the phases of composites depending 
on TiN:hBN ratio. The relative density of TiN-TiB2-hBN composite containing 5-30 vol%hBN sintered at 1973 K 
had relative density between 96-97% which is higher to those of hBN-composites, e.g., Si3N4–hBN, SiC–hBN and 
B4C–hBN. The TiN-TiB2-hBN composite containing 15vol%hBN showed the improving fracture toughness of 3.7
MPa m1/2.
The phase transformation of cBN to hBN in TiN-TiB2-cBN composite sintered at 1873 K was retarded by 
SiO2-coating on cBN. The SiO2-coated on cBN is also promoted the densification of TiN-TiB2-cBN composites;
therefore, the TiN-TiB2-cBN composite the high amount of cBN from 10 to 80 vol% can be sintered to high 
density at 96.2-83.2%. The Vickers hardness of TiN-TiB2-cBN composite using SiO2/cBN remained high value 
between 21.0 and 16.2 GPa even at high content of cBN and the increasing of SiO2/cBN from 10 to 50 vol% 
resulted in increasing fracture toughness from 3.4 to 5.1 MPa m1/2.
The present study demonstrated that binary of TiN–TiB2 as well as ternary composites of TiN–TiB2–hBN and
TiN-TiB2-cBN prepared by SPS accomplished the improving of physical and mechanical properties by employing 
appropriated composition ratio and sintering conditions.
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